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Abstract The subsurface geometry of five representative late Archaean ‘Chilimanzi and Razi’ suite plutons in the 14 
Zimbabwe craton (ZC) has been investigated by gravity modelling constrained in part by surface geology, density 15 
measurements and seismic information, to determine their 3D configuration and infer tectonic context of 16 
emplacement. The generally K-rich, massive, homogeneous monzogranites are characterised by large Bouguer 17 
gravity lows (up to -30 mGal amplitude) whose gradients outline their spatial extent well. The southernmost plutons 18 
and their anomalies have general trends paralleling the North Marginal Zone (NMZ) of the Limpopo orogenic belt 19 
(LB).  20 
Predictive gravity models indicate that the density contrast of the Chivi batholith (CB) adjacent to the ‘volcanic arc-21 
like’ Belingwe greenstone belt extends to a depth of about 13 km. The nearby Razi pluton (RP) which intrudes the 22 
ZC-LB boundary appears to have been emplaced at shallower depths/levels. The gravity model suggests a thickness 23 
of about 5 to 6 km, and a moderate to shallow dip to the southeast under the NMZ, compatible with syn-kinematic 24 
intrusion during overthrust of the LB over the ZC. The smallest Nalatale granite (Ng) is on average 2.5 km thick 25 
under the Fort Rixon greenstone belt but includes a root up to 4.5 km thick under the anomaly peak, and a steep 26 
contact with the tonalite/gneiss to the east. These granites follow the general power -law for pluton dimension and are 27 
similar in this respect to the classical wedge-shaped plutons, extending largely in one direction, with large aspect 28 
ratios (Length(L)/Thickness(T)>7). However, the overall shape of the RP is typical of a diapir (Width(W)<T), 29 
although it may have been affected by the LB deformation.  30 
Gravity modelling along a NS traverse crossing the Chilimanzi batholith (ChB), the Masvingo greenstone belt 31 
(MGB) and the Zimbabwe granite (ZG) indicate a thickness of around 6 km for the dense greenstone belt with a 32 
thickness of about 8.5 km for the adjacent ZG. The ‘complex’ shaped ChB shows a 2 km thick tabular body with a 33 
 2 
root zone extending to ~4.5 km depth on the south end, adjacent to the greenstone belt; typical of the so-called flat-34 
floored plutons with a gently dipping floor towards the root zone. These two plutons roughly follow the power -law 35 
for laccolith/batholith dimensions (W/T>5; L/T>15). Overall, the CB and the ZG are interpreted as massive, deep-36 
rooted batholithic intrusions (L/T10), contrary to some geological interpretations of these late, post-kinematic 37 
intrusions as sheet-like bodies emplaced at relatively shallow levels in the crust. On the other hand, the ChB appears 38 
to be a tabular intrusion, probably fed by dykes; it exhibits a lateral extent much greater than the vertical one, 39 
outlining a sheeted geometry (W/T>7; L/T>18).  40 
The geophysical evidence, together with geological and fabric data, support and/or confirm the two main granite 41 
configurations: sheets and batholith; and thus also confirm the two main modes of emplacement: dyke and diapirism 42 
or ballooning plutonism. This is consistent with other known batholiths on the ZC but considered unusual for plutons 43 
of the same age and spatially close when compared to other Archaean cratons. 44 
Keywords: Zimbabwe craton; late Archaean pluton; gravity modeling; depth extent; emplacement mechanism   45 
 46 
1 Introduction  47 
The intrusion of volumetrically large Late Archaean granites (Sylvester 1994; Moyen et al. 2003) 48 
is important for a number of reasons; for example, Archaean tectonics (e.g., Zegers 2004; Lopez 49 
et al. 2006; Liodas et al. 2013; Laurent et al. 2014; Halla et al. 2017), crust-mantle coupling (e.g., 50 
Berger and Rollinson 1997; Zeh et al. 2009), local and regional seismicity (Singh et al., 2004), 51 
and mineralisation control (e.g., Cassidy et al. 1998; Duuring et al. 2007; Lin and Beakhouse 52 
2013; Yang 2014). In the Zimbabwe craton (ZC), the intrusion of the ~2.6 Ga Chilimanzi and 53 
Razi suites represent the stabilisation of the Zimbabwe craton (e.g., Jelsma et al. 1996; 54 
Horstwood et al. 1999; Jelsma and Dirks 2002; Oberthur et al. 2002; Siegesmund et al. 2002). 55 
The granitic plutons occupy >50% of the craton (Blenkinsop et al. 1997; Frei et al., 1999; 56 
Blenkinsop and Treloar 2001) making them socio-economcally important for groundwater supply 57 
(e.g., Owen et al. 2002, Ranganai and Ebinger 2008). Gold mineralization in many greenstone 58 
belts may be linked to mobilisation of ore-forming fluids by these internally and externally 59 
emplaced granitoids during deformation (e.g., Campbell and Pitfield 1994; Blenkinsop et al. 60 
2000).  61 
There is also a close temporal link between intrusion of the Great Dyke and the emplacement of 62 
these plutons (e.g., Frei et al. 1999; Oberthur et al. 2002; Siegesmund et al. 2002). The K-rich 63 
porphyritic monzogranite intrusions also document widespread lower crustal melting and 64 
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reworking/recycling (e.g., Hickman 1978; Jelsma et al. 1996; Berger and Rollinson 1997; Frei et 65 
al. 1999; Oberthur et al. 2002; Zeh et al. 2009; Blenkinsop 2011).  66 
The emplacement mechanism for these granites intruding and deforming both the older 67 
tonalitic gneisses and the greenstone belts has long formed the focus of a debate (e.g., Snowden 68 
1984; Ramsay 1989; Wilson 1990; Jelsma et al. 1993; Blenkinsop et al. 1997; Becker et al. 2000; 69 
Jelsma and Dirks 2000, 2002; Blenkinsop and Treloar 2001; Hofmann et al. 2002; Siegesmund et 70 
al. 2002; Ranganai et al. 2008; Gwavava and Ranganai 2009; Blenkinsop 2011; Ferre´ et al. 71 
2012; Ranganai 2012, 2013). Many of the granites have contacts which are grossly discordant to 72 
the greenstones sequences, as exemplified by the Shangani batholith or Nalatale granite (Ng, Fig. 73 
1) (Ridley et al. 1997). Generally, the discordant or concordant nature of contacts has 74 
significance in relation to the mode of emplacement and/or level of exposure (e.g., Castro 1987; 75 
Cruden 1998; Cruden and McCaffrey 2001; Galadi-Enriquez et al. 2003; Ferre´ et al. 2012).  76 
From field geological and geophysical data (e.g., Ramsay 1989; Ridley et al. 1997; 77 
Becker et al. 2000; Blenkinsop and Treloar 2001; Moyen et al. 2003; Flecha et al. 2006), 78 
experimental, numerical and theoretical considerations (e.g., Ramberg 1981; Clemens 2005; 79 
Lopez et al. 2006; Rey and Houseman 2006; Dietl and Koyi 2008; Ferre´ et al. 2012) it can be 80 
deduced that granitoid magmas ascend and are emplaced under a complex interaction of 81 
gravitational processes due to density inversion (Rayleigh-Taylor instability) and horizontal 82 
(plate/micro-plate) tectonics (e.g., Castro 1987; Paterson and Vermon 1995; Petford et al. 2000; 83 
Vigneresse and Clemens 2000; Pawley et al. 2004; Clemens 2005; Ferre´ et al. 2012; Laurent et 84 
al. 2014). It is now generally accepted that these magmas ascend via diapirism and dyking (e.g., 85 
Petford and Clemens 2000; Vigneresse and Clemens 2000; Clemens 2005; though see Weinberg 86 
1999). Further, diapirism can also be considered as both an ascent and an emplacement 87 
mechanism for large plutons (Blenkinsop and Treloar 2001; Clemens 2005; see also McCaffrey 88 
and Petford 1997). Although ascent and emplacement are intimately linked, the present shapes of 89 
granitic intrusions at depth generally reflect the emplacement modes of the magmas rather than 90 
their ascent styles (Vigneresse and Clemens 2000). However, the active processes determine the 91 
final geometries of the bodies, and in favourable cases, the inverse problem of deducing 92 
mechanisms can be undertaken by relying on the geometry of the plutons (Galadi-Enriquez et al. 93 
20022003). Thus establishing the 3D shape of plutons is helpful for understanding not only 94 
magma emplacement but also its ascent in some cases (e.g., Ameglio et al. 1997; Dehls et al. 95 
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19991998; Goulty et al. 2001; Haederle and Atherton 2002; Galadi-Enriquez et al. 2003; Peschler 96 
et al. 2004; Tahiri et al. 2007).  97 
Among the geophysical techniques, the gravity method is particularly suited to 98 
determination of the bulk geometries of plutons as they invariably show a strong density contrast 99 
with the surrounding rocks (e.g., Fig. 2) and are, therefore, associated with moderate to large 100 
(negative) gravity anomalies (-10 to -30 mGal amplitude) (e.g., Stettler et al. 1990; Ameglio et al. 101 
1997; Ameglio and Vigneresse 1999; Kurian et al. 2001; Haederle and Atherton 2002; McLean 102 
and Betts 2003; Peschler et al. 2004; Flecha et al. 2006; Tahiri et al. 2007; Oliveira et al. 2008; 103 
Ranganai et al. 2008; Gwavava and Ranganai 2009; Ranganai 2012, 2013; Fig. 3). Despite the 104 
problem of non-uniquness and low resolution (e.g., Blakely 1995; Stettler et al. 1997; Wellman 105 
2000), these gravity anomalies can be used to rule out certain mass distributions and the 106 
accompanying hypotheses for pluton emplacement (e.g., Vigneresse 1990; Ameglio and 107 
Vigneresse 1999; McLean and Betts 2003). Several authors have noted that important 108 
information on the emplacement mechanism of granitic magmas is preserved in the 3D 109 
shape/characteristics of the plutons, and that both are controlled by regional 110 
tectonics/deformation (Ameglio et al. 1997; Cruden 1998; Dehls et al. 1998; Vigneresse et al. 111 
1999; Vigneresse and Clemens 2000). Gravity determined proportions of intrusive bodies (length 112 
L vs. thickness T) can be used to distinguish between plutons and laccoliths as they follow the 113 
general power-law: aLcT   (McCaffrey and Petford 1997; Petford and Clemens 2000; Petford 114 
et al. 2000), where exponent a is the slope of the regression line and c is the intercept. Granite 115 
plutons may also produce scattered discontinuous magnetic anomalies due to their variable 116 
composition and inhomogeneous distribution of magnetic minerals within them (Singh et al., 117 
2004; Gwavava and Ranganai, 2009; Ranganai et al., 2015; Fig. 4).  118 
While relatively extensive geological, structural and geochronological work has been 119 
carried out to study the evolution of the plutons in the ZC (e.g., Robertson 1973; Snowden 1984; 120 
Ramsay 1989; Wilson 1990; Jelsma et al. 1993, 1996; Wilson et al. 1995; Blenkinsop et al. 1997; 121 
Ridley et al. 1997; Frei et al. 1999; Horstwood et al. 1999; Becker et al. 2000; Jelsma and Dirks 122 
2000; Blenkinsop and Treloar 2001; Hofmann et al. 2002; Jelsma and Dirks 2002; Siegesmund et 123 
al. 2002; Ferre´ et al. 2012), until recently, scant attention has been paid to geophysical 124 
investigations of the 3D configuration of greenstone belts, the mode and extent of granite 125 
emplacement, and related problems (e.g., Ranganai 1995, 2012, 2013; Ranganai et al. 2008; 126 
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Gwavava and Ranganai 2009). Indeed, geophysical aspects of granite-greenstone terranes are 127 
grossly understudied when compared to the voluminous geological accounts of these regions 128 
worldwide (Anhaeusser 2014). However, this is changing due to increased avalaibility of various 129 
geophysical data sets. We have selected five (5) representative plutons (Chilimanzi batholith, 130 
Chivi batholith, Nalatale granite, Razi pluton, Zimbabwe granite) for gravity and magnetic 131 
investigations, all located in the south-central part of the Zimbabwe craton (Fig. 1) where there 132 
are type areas for studying Archaean granite-greenstone relationships and Archaean crustal 133 
evolution (e.g., Bickle and Nisbet 1993; Wilson et al. 1995; Jelsma and Dirks 2002).  134 
The objectives of this paper are to (i) present gravity models of some of the representative 135 
late Archaean plutons showing their present 3D configurations and subsurface relation with the 136 
adjacent greenstone belts and tonalitic gneisses, (ii) infer their mode of emplacement, (iii) where 137 
possible, infer magma plumbing systems by analogy to modern volcanic arc and rift magma 138 
systems, and (iv) extend interpretation to geologically and geophysically similar late Archaean 139 
plutons in the craton. The relation of the plutons to the NMZ and therefore late Archaean 140 
tectonics of the ZC and LB (see Frei et al. 1999; Blenkinsop 2011 and references therein) is also 141 
assessed. Further, we make comparisons with other plutons in similar cratons elsewhere. These 142 
are emplaced along major lineaments as narrow bands and veins as shown on aeromagnetic data 143 
(Singh et al. 2004; Yang, 2014; Ranganai et al. 2015; Fig. 4). The present gravity studies reveal 144 
whether the younger granites intruding both the greenstone belts and the surrounding tonalitic 145 
gneisses are sheet-like bodies or deep-rooted batholithic intrusions, an aspect which is also 146 
significant in understanding the evolution and tectonic behaviour of the Archaean crust in general 147 
(Mareschal and West 1980; Wellman 2000; Kurian et al. 2001; Peschler et al. 2004; Zegers 2004; 148 
Lopez et al. 2006; Rey and Houseman 2006; Zeh et al. 2009; Blenkinsop 2011; Laurent et al. 149 
2014).        150 
 151 
2 Regional Geological Setting   152 
The ZC contains many of the ‘typical’ Archaean elements: ‘ancient’ gneisses and tonalites (~3.5 153 
Ga), high-grade metamorphic belts, folded low-grade greenstone belts (~3.5-2.7 Ga), syn-154 
volcanic granites (2.9-2.7 Ga), layered mafic-ultramafic complexes including the Great Dyke 155 
(2.7-2.5 Ga), post-volcanic granite plutons (2.65-2.55 Ga), and Proterozoic mafic dyke swarms 156 
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and sills (e.g., Wilson 1990; Blenkinsop et al. 1997; Horstwood et al. 1999; Jelsma and Dirks 157 
2002). The ‘young’ granites have been locally divided into the 2.7 Ga Sesombi and Wedza suites 158 
and the 2.6 Ga Chilimanzi and Razi suites (e.g., Wilson et al. 1995; Jelsma et al. 1996; 159 
Blenkinsop et al.,1997; Frei et al. 1999; Horstwood et al. 1999; Jelsma and Dirks 2002). The 160 
Chilimanzi and Razi suites are closely related to the final stages of the stabilisation of the craton 161 
and late Archaean tectonics of the Limpopo orogenic belt (e.g., Frei et al. 1999; Jelsma and Dirks 162 
2002; Oberthur et al. 2002; Blenkinsop 2011).  163 
The study area is the south-central ZC between latitudes 19.5S and 21.25S and 164 
longitudes 29E and 32E, and includes a portion of the NMZ and Triangle shear zone in the SE 165 
part (Fig. 1). The region includes the ~3.5 Ga Tokwe Segment (TS) of highly deformed and 166 
banded tonalitic gneisses, whose ~NS trend also defines the >3.1 Ga tectonic grain of the craton 167 
(Wilson 1990; Wilson et al. 1995; Jelsma and Dirks 2002). This unique terrain is considered to be 168 
a nucleus, from where the craton grew westwards and northwards by crustal accretion (Wilson 169 
1990; Wilson et al. 1995; Horstwood et al. 1999; Jelsma and Dirks 2002). The granite plutons 170 
under study include the Chilimanzi batholith (ChB) and Zimbabwe granite/batholith (ZG) around 171 
Masvingo, the Chivi granite/batholith (CB) and Razi pluton (RP) around Buhwa, and the Nalatale 172 
granite (Ng) (the Shangani monzogranite of Ridley et al. 1997) near Fort Rixon (Fig. 1). They 173 
basically correspond to the generally massive potash and porphyritic granites described by 174 
Robertson (1973, 1974). A brief summary of the three different areas where the plutons occur and 175 
their geological significance follows.   176 
The CB is best known for its relation to the ‘archetypal’ Belingwe (Mberengwa) 177 
greenstone belt (BGB) and the NMZ of the Limpopo orogenic belt (e.g., Robertson 1973, 1974; 178 
Hickman 1978; Bickle and Nisbet 1993; Frei et al. 1999; Ranganai et al., 2008), as well as its 179 
large size (~150 km long and up to 35 km wide). It parallels the ENE-trending Buhwa (Mweza) 180 
greenstone belt (B) and the adjacent south-dipping porphyritic Razi pluton (RP) intruding the ZC-181 
NMZ boundary (Fig. 1; Robertson 1973, 1974; Hickman 1978; Fedo et al. 1995; Mkweli et al. 182 
1995; Rollinson and Blenkinsop 1995; Frei et al. 1999). Within the region, Razi-type porphyritic 183 
granites are found throughout the NMZ and in the Triangle shear zone (Rollinson and Blenkinsop 184 
1995; Berger and Rollinson 1997; Zeh et al. 2009; Blenkinsop 2011). Although a number of 185 
geological studies have been undertaken (e.g., Fedo et al. 1995; Mkweli et al. 1995; Frei et al. 186 
1999), this is the first geophysical investigation of subsurface relationships between the Razi 187 
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pluton and the NMZ.  The Chivi batholith hosts the diamondiferous Murowa kimberlite (Smith et 188 
al. 2004) while the Buhwa belt is known for iron ore deposits and Sandawana emeralds (Fedo et 189 
al. 1995; Zwaan et al. 1997).  190 
The Nalatale pluton is the smallest pluton studied but one of the clearest examples of 191 
deformation of greenstone belts by these units (e.g., Ranganai 2013). It intrudes, and almost 192 
bisects, the Fort Rixon-Shangani (FRSh) greenstone belt, leaving only a narrow neck in the west 193 
linking the FR and Sh sections (Fig. 1). According to Harrison (1969), intrusion of granites has 194 
domed up the greenstones, causing them to dip away from the granite at steep angles. The 195 
Nalatale pluton is also referred to as the Shangani monzogranite by Ridley et al. (1997) who see 196 
it as typical example of a discordant pluton against greenstones. These plutons tend to form 197 
stocks and small batholiths cross-cutting greenstone structures due to “rapid”, forceful 198 
emplacement (Ridley et al. 1997).  199 
The Chilimanzi batholith and the Zimbabwe granite are found in the Masvingo granite-200 
greenstone terrain which includes the type-area for the Chilimanzi suite plutons, Chirumanzu 201 
(Fig. 1; Wilson et al. 1995; Jelsma and Dirks 2002). The area also records the oldest pluton age of 202 
2634 Ma (Jelsma and Dirks 2002). ZG includes porphyritic varieties of Razi type around Lake 203 
Mutirikwi (Fig. 1; Robertson 1973). The two granite plutons sandwich the Masvingo greenstone 204 
belt (MGB), and extend for large distances (cf ZGS 1994; Gwavava and Ranganai 2009). 205 
However, deformation of the MGB is considered to be related mainly to events associated with 206 
the adjacent Limpopo orogenic belt (Coward and James 1974; Wilson 1990; Campbell et al. 207 
1992), with local pluton emplacement playing a minor role. The Zimbabwe granite trends broadly 208 
parallel to the nearby NMZ. It hosts the diamondiferous Sese kimberlite at its southeast edge 209 
(Smith et al. 2004), while the ChB could be associated with the Bikita tinfield and several 210 
agrominerals (Wilson 1964; Van Straaten 2002).   211 
 212 
3 Gravity Data and Rock Densities   213 
The gravity data used in this study can be broadly grouped into two sets acquired during the past 214 
two decades of surveys using LaCoste & Romberg gravimeters and covering the various granite-215 
greenstone terranes. Both sets used a network of primary base stations tied to the IGSN71 216 
fundamental points that had previously been established throughout the country and therefore 217 
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adequate base stations existed in the area (see Fisk and Hawadi 1996). Several bench marks and 218 
other old stations were re-occupied to better tie the new and old surveys together. The first set 219 
corresponds to data used in previous publications and acquired with station elevations determined 220 
predominantly by barometric altimeters (e.g., Gwavava et al. 1992; Fisk and Hawadi 1996). 221 
Height network closure errors were adjusted by the method of least squares, resulting in a 222 
precision ranging from 5 m to 2 m (e.g. Gwavava et al. 1992) for the individual heights along 223 
traverses. The second set includes more recently acquired data, both published and unpublished 224 
profiles across selected plutons and adjacent gneisses and greenstones. These data were acquired 225 
using a combination of satellite positioning systems (GPS) and barometric leap-frogging, 226 
controlled by trigonometric beacons, bench marks and differential GPS points at approximately 227 
10 km intervals (e.g., Ranganai et al. 2008), resulting in an estimated precision of  1 m in 228 
altitude. In both cases, the final simple Bouguer anomaly values are based on the 1967 229 
International Gravity Formula and a reduction density of 2670 kg m-3. Terrain corrections were 230 
applied where the topography was deemed very rugged (e.g., Gwavava et al. 1992; Ranganai et 231 
al. 2008; Gwavava and Ranganai 2009). Although variable, the total accuracy of the calculated 232 
gravity anomalies is placed at 2 mGal, being the accuracy of the least precise older surveys and 233 
the estimated terrain contributions. The combined observations were gridded at 6.0 km interval 234 
(Fig. 3) using a minimum curvature algorithm with tension (Smith and Wessel 1990).   235 
During the various gravity surveys representative rock samples were collected for density 236 
measurements which were then combined with existing densities from previous surveys and 237 
others from the ZGS database (Phaup 1973; Gwavava et al. 1992; Ranganai et al. 2008; Gwavava 238 
and Ranganai 2009; Ranganai 2013). The average densities of the various formations were 239 
determined to be: old granites 2670 kg m-3, young granitic plutons (our present targets) 2550-240 
2600 kg m-3 and greenstones 2900 - 3000 kg m-3 (Table 1 and Fig. 2). The densities are estimated 241 
to be accurate to within  50 kg m-3.  242 
The range of densities obtained for the granitic rocks is 2500 to 2700 kg/m3 with a mean of 2630 243 
 20 kg/m3. Generally, the lowest values correspond to weathered gneisses but a few seem to be 244 
associated with the late (2.6 Ga Chilimanzi suite) granitic plutons, particularly the porphyritic 245 
types. Diorites and granodiorites yield the highest densities. Excluding these extreme values, the 246 
range becomes very small, with a mean of 2660 kg/m3, a value closer to the histogram 247 
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concentration at 2650-2700 kg/m3. The histogram shows a simple unimodal distribution, which 248 
suggests that the rocks are fairly homogeneous in composition (c.f. Subrahmanyam and Verma 249 
1981).  250 
The amount of mafic minerals controls the density of acid plutonic rocks while 251 
plagioclase is important in basic rocks, respectively (e.g. Henkel 1991, 1994). These attributes 252 
also play important, but not exclusive, roles in determining the names by which rocks are 253 
identified in the field, and have been used to divide granites into I- and S-types or magnetite- and 254 
ilmenite series (e.g., Ishihara 1977, Clark 1997; Table 2); although there is significant overlap as 255 
granitic rocks crystallize into a broad spectrum of compositions (e.g., Frost et al. 2001).   256 
 257 
4 Regional Gravity (and Aeromagnetic) Maps and 258 
Interpretation  259 
A simple Bouguer gravity anomaly map for the south-central Zimbabwe craton showing outlines 260 
of the plutons and the location of the modelled profiles is presented in Figure 3. Details of the 261 
Bouguer anomalies and their geological significance have been given by Ranganai et al. (2008), 262 
Gwavava and Ranganai (2009) and Ranganai (2013), and only a summary is given here, with 263 
more information under the selected plutons below. An even broader context can be found in 264 
Braitenberg (2015) who compares satellite and terrestrial gravity data for the whole craton, while 265 
Gwavava et al. (1996) discuss isostatic compensation of the region. Generally the map is mainly 266 
dominated by short wavelength anomalies due to supracrustal features; in particular gravity lows 267 
over granite plutons and highs over greenstone volcanics and mafic-ultramafic intrusions, typical 268 
of most Archaean granite-greenstone terrains world-wide (e.g., Gupta et al. 1982; Subrahmanyam 269 
and Verma 1982; Stettler et al. 1997; Wellman 2000; Peschler et al. 2004). Notable examples 270 
include a large amplitude N-S gravity anomaly high of the Belingwe greenstone belt (BGB), 271 
large gravity anomaly lows over the Chivi granite and Zimbabwe granite  adjacent and parallel to 272 
an ENE-trending large gravity high encompassing the Buhwa greenstone belt (B) and NMZ of 273 
the Limpopo belt (with the Razi pluton indistinguishable within this broad high), and finally, 274 
discontinuous highs over the NNE-trending mafic/ultramafic Great Dyke (GD) (Fig. 3). The main 275 
exception to relatively shallow sources is the long wavelength Bouguer gravity high over the 276 
 10 
NMZ that extends into the CZ and is related to crustal thinning based on seismic evidence (e.g., 277 
Stuart and Zengeni 1987; Gwavava et al. 1992, 1996; Gore et al. 2009). In Figure 3, it is also 278 
worth noting that the Nalatale granite (Ng) has no obvious associated gravity low at this regional 279 
scale as it is obscured by the flanking Fort Rixon and Shangani greenstone belts, and is barely 280 
indicated on the derivative map (Fig. 5). However to the northeast of the Fort-Rixon-Shangani 281 
greenstone belt granite, a poorly constrained large low is located over the Shangani-Somabhula 282 
granite, suggesting a subsurface link with the Nalatale pluton. The gravity low zones imply that 283 
the granitic plutons are of much lower density compared to the dense greenstone belt and 284 
ultramafic complexes.   285 
The granitic plutons surrounding the Masvingo greenstone belt (MGB) are characterised 286 
by broad and low Bouguer gravity zones; with three major lows over the Zimbabwe granite (ZG), 287 
the northeastern end of the Chivi granite (CB), and southern parts of the Chilimanzi batholith 288 
(ChB). The largest gravity low zone, about 160 km long and 60 km wide and up to 25 mGal 289 
amplitude, is over the ZG; followed by the CB which is ~130 km long, about 20 km wide and up 290 
to 20 mGal amplitude. There is a slight indication that the ZG has subsurface links to both the CB 291 
and ChB southwest and east of the MGB, respectively, further supported by the upward 292 
continued data (not shown; Ranganai et al. 2002). A significant anomaly also occurs over the 293 
southern parts of the ChB; ~60 km long and 15 km wide and up to 10 mGal amplitude. The large 294 
negative anomalies are interpreted to reflect large areal and depth extents for the plutons, 295 
although the anomalies could be constrained by better gravity station coverage in some places 296 
(Fig. 3). We also note that the ZG gravity anomaly is much wider than the mapped outcrop, 297 
extending into (i.e. encompassing) the tonalitic gneiss area next to the NMZ and suggesting a 298 
possible subsurface presence. Several mapped small and isolated outcrops of enclosed plutons 299 
could be shallow and extensive below surface (Gwavava and Ranganai 2009). On the other hand, 300 
the Bouguer gravity anomalies over the arc-type ChB is smaller than the mapped outcrop, with 301 
elevated values in the north and lower values in the south. The northern part of the ChB was 302 
probably intruded by dolerite sills as large sheets (small sills mapped on the geology and seen on 303 
aeromagnetic maps (Figs. 3 and 4; Wilson 1964; Gwavava and Ranganai 2009)) and this could 304 
explain the unexpected relative gravity high compared to the south. Alternatively, the pattern 305 
could reflect/represent different phases of intrusion resulting in different densities. The gravity 306 
anomaly shapes of these plutons suggest their emplacement as ENE-WSW elongate batholiths 307 
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(cf. Ridley et al. 1997; Ameglio and Vigneresse 1999; Tahiri et al. 2007), an idea tested by 308 
modelling below, where details of the profiles across the five plutons under study are given.  309 
The regional aeromagnetic structural interpretation and tectonic implications are detailed 310 
by Ranganai et al. (2015) and only anomaly aspects relevant to the current study are highlighted. 311 
The residual aeromagnetic anomaly map (Fig. 4) shows conspicuous highs over the granites and 312 
genisses largely reflecting magnetic mineralogy and correlating with the I-type and S-type 313 
classification (Table 2). Pluton/batholith anomaly trends are consistent with the gravity anomalies 314 
and suggest emplacement along lineaments. The Chivi and Chilimanzi batholiths have similar 315 
signatures while the Razi pluton and Zimbabwe granite signatures are also similar and higher, 316 
with that over the Razi pluton suggesting it is much larger than the mapped outcrop (Fig. 4). Both 317 
the signature and enlarged size of the Razi pluton are partly supported by observations by Mkweli 318 
et al. (1995) of syn-kinematic intrusion under granulite facies metamorphism (cf Clark, 997) and 319 
deformation together with the NMZ. However, the magnetic anomalies are not used to determine 320 
the spatial dimensions of the plutons due to the heterogeneous distribution of magnetic minerals 321 
and variable metamorphic grade.   322 
In order to improve the mapping of the plutons, several data processing and anomaly 323 
enhancement techniques were applied to the gravity data. This information is important in 324 
determining the spatial dimensions of the plutons used later. In particular, derivatives (horizontal 325 
and/or vertical; e.g., Fig. 5) are routinely used to map edges of anomalous bodies as they remove 326 
or suppress the regional trends in the data, (e.g., Gupta and Grant 1985; Boschetti 2005; Li et al. 327 
2010; Cooper and Cowan 2011; Ma et al. 2016). The gradient method detects the edges by 328 
looking for the maxima and minima in the initial spatial derivative of the image. The 329 
improvement is possible because the rate of change of gravity with elevation is much more 330 
sensitive to changes in rock densities occurring near the ground surface than to changes occurring 331 
at depth (Gupta and Grant 1985). The effect is to sharpen anomalies caused by abrupt lateral 332 
changes in near-surface densities at the expense of broader anomalies caused by deeper or more 333 
gradual density changes (Simpson et al. 1986). The improvement is clear, with the Chivi 334 
batholiths, Zimbabwe granite and Chilimanzi batholith all now well-mapped and the Nalatale 335 
pluton boundaries slightly improved (Fig. 5). In addition, due to the significant density 336 
differences between greenstones, old gneisses/granites and young plutons, this physical property 337 
can be exploited to map the different rock types (e.g., Cordell and McCafferty 1989). Figure 6 338 
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shows the apparent density (Gupta and Grant 1985) determined using an average thickness of the 339 
major dense bodies, i.e. greenstone belts, of 6.0 km (cf Ranganai et al. 2008). The map is 340 
generally similar to the Bouguer anomaly map (Fig. 3) but there is better resolution of margins. 341 
Lateral dimensions of the plutons from all these maps are averaged for analysis later.      342 
 343 
5 2¾D Gravity Modelling  344 
The field traverse locations were partly dictated by available roads and tracks across the plutons. 345 
Suitable gravity profiles (L1 to L5) were selected perpendicular to the mapped geological 346 
contacts and covering the peak Bouguer anomaly and thus the thickest part of the plutons. The 347 
modelled profiles used either data along the traverses or from stations projected onto a best 348 
straight line through the traverse, and  long enough to define the regional field (Fig. 3).  349 
A versatile interactive software using algorithms for 2½D or 2¾D polygonal bodies was 350 
used to calculate the gravity model responses along the selected profiles (Won and Bevis 1987). 351 
2¾D is the same as 2½D but one end correction is “longer” than the other, i.e., it is assumed that 352 
the profile does not pass through the middle of the body. Further, the angle of the body with 353 
respect to the plane of the model can be varied, and the body asymmetrically positioned about the 354 
profile, thus providing a quasi-3D model. Based on geological information, a simplifying 355 
assumption that the greenstone belts and the plutons overlie a granitic gneiss base of average 356 
density 2670 kg m-3 has been made. Assuming the lower crust to be uniform helps to focus the 357 
near surface rocks with density variations more clearly. In each case, the observed anomalies 358 
were reasonably reproduced using simple models and these broadly satisfy the surface geology, 359 
the rock densities and the gravity field. A regional field of -120  5 mGal (Fig. 3) was used as 360 
DC shift while previous gravity modeling and seismic studies (Gwavava et al. 1996; Gwavava 361 
and Ranganai 2009; Gore et al. 2009) have been used to constrain depths to the lower crust and 362 
upper mantle where necessary/appropriate (see below).   363 
 364 
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6 Results   365 
6.1 Nalatale granite (Ng): Fort Rixon-Shangani (FRSh) Granite-Greenstone Terrain  366 
Figure 7a is the Bouguer gravity anomaly map over the Nalatale granite (Ng) and adjacent 367 
Shangani (Sh) and Fort Rixon (FR) greenstone belts, which clearly shows a pronounced gravity 368 
low over the pluton. The Bouguer gravity high over the adjacent Shangani greenstone belt is 369 
considerably shifted to the north, suggesting that the pluton underlies the southern part of the belt. 370 
The pluton is mapped better at this local scale than in Figure 3 (L1) at regional scale.  371 
Gravity profile L1 (Fig. 7a) was originally designed to investigate the configuration of the 372 
Fort Rixon greenstone belt (Ranganai 2013) but it also allows us to determine the shape of the 373 
pluton, as it passes along its southern edge. There were access problems preventing a better 374 
traverse location. The gravity anomaly along L1 is asymmetric and shows an increase to a small 375 
positive peak of about 25 mGal on the western half of the greenstone outcrop, with a more 376 
gradual fall eastwards (Fig. 7b). It is probable that this granite underlies much of the eastern parts 377 
of the Fort Rixon greenstone belt. The pluton produces a relatively small negative anomaly of 378 
about -7 mGal. The greenstone belt model shows a direct shallow contact to the pluton in the east 379 
and a ~45 south-easterly dipping contact with background gneisses in the west (Fig. 7b). The 380 
shallow eastern contact is somewhat domal in shape but steep at depth, consistent with an 381 
intrusive relationship between greenstones and the adjacent subsurface granite. The short 382 
wavelength relative positive Bouguer anomaly can be fit with a belt of basaltic extrusive lavas 383 
with contrast ~0.3 kg/m3 that is about 3.5 km beneath the peak, and thinning eastward. The 384 
resultant inverted and ‘side-crunched’ triangular model of the volcanics (Fig. 7b) may be a result 385 
of the intrusion and granitisation of the greenstone belt by the pluton (cf. Harrison 1969; Gupta et 386 
al. 1982; Stettler et al. 1997). The granite pluton is on average 1.5 km thick under the greenstone 387 
belt but includes a root up to 4.5 km thick under the outcrop and anomaly peak, and a vertical 388 
contact with the tonalite/gneiss in the east. Our model is similar to that of Dehls et al. (1998) for 389 
the Ulu pluton, Slave Province, Canada that showed a ~2 km depth extent with several plug-like 390 
roots extending to 7 km that may have fed the relatively thin tabular body.  391 
 392 
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6.2 Chivi Granite/Batholith (CB) and Razi Pluton (RP): Belingwe (Mberengwa)-393 
Buhwa Granite-Greenstone Terrain  394 
Although Ranganai (1995) evaluated the depth extent of the Buhwa greenstone belt and the 395 
nature of the Chivi granite contacts with it, the 3D geometry of the Chivi granite and Razi pluton 396 
remained weakly constrained. A complicating factor on profile L2 through them (Figs. 3 and 8a) 397 
is its position relative to the Limpopo Belt, where previous studies have shown that crustal 398 
thinning contributes significantly to the regional Bouguer gravity anomalies in the region 399 
(Gwavava et al. 1992). Although the profile is not very long (<60 km), it extends into the NMZ 400 
of the Limpopo Belt for about 20 km and, therefore, the Moho has been included in the model. In 401 
accordance with seismic data and previous gravity modelling, the crust was taken as 34 km thick, 402 
shallowing southwards at about 5° (Stuart and Zengeni 1987; Gwavava et al. 1992; Gore et al. 403 
2009). A density of 3000 kg/m3 for the upper mantle was used (cf Gwavava and Ranganai, 404 
2009), while the pluton was modelled with a density of 2550 kg/m3 compared to a background of 405 
2660 kg/m3. Only a uniform density (2960 kg/m3) for the greenstone belts is considered. This is 406 
thought to be slightly lower than the density of the Buhwa belt which is dominated by denser iron 407 
formation and magnetite quartzite (average ~3000 kg/m3) (Ranganai, 1995). Use of the higher 408 
density for the greenstone belt does not affect the overall shape of the models, but as density 409 
contrast is increased, then thinner bodies result.   410 
The geological cross-section, the Bouguer anomaly and the derived models are shown in 411 
Fig. 8b. The profile is dominated by the broad negative anomaly associated with the Chivi 412 
granite, and a narrow but sharp positive anomaly over the Buhwa greenstone belt. The BGB has a 413 
relatively small amplitude Bouguer high, while the RP only causes a small depression of the 414 
Buhwa-NMZ positive anomaly. A peak to peak fit between the observed and calculated gravity 415 
anomalies requires that the Chivi granite extends to a depth of about 13 km. A thinning of the 416 
batholith on the northwest part is indicated in the model, with a tongue-like subsurface extension 417 
under the BGB. This section is up to 5 km thick, resulting in a sheet-like tabular body with a 13 418 
km thick diapir. Significantly, small granite stocks/cupolas outcrop within the greenstone belt in 419 
this area. It is, therefore, probable that the Chivi granite is in fact in contact with the Mberengwa 420 
belt at depth. The belt itself has been modelled as only 1 km thick in this area, compared to ~5 421 
km in the central part (Ranganai et al. 2008). The overall shape of the pluton suggests that the 422 
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major conduit for the intrusion was located near the Buhwa greenstone belt where the pluton is 423 
thickest, spreading horizontally northwards.    424 
The Buhwa greenstone belt model shows a narrow body extending to approximately 2.5 425 
km depth, possibly reaching 3.0 km. The adjacent Razi pluton, which intrudes the Craton-426 
Limpopo Belt boundary (e.g. Robertson 1973; Mkweli et al. 1995; Frei et al. 1999), appears to 427 
have been emplaced at relatively shallow depths. The model suggests a 6 km wide rectangular 428 
body about 6 to 7 km thick, and a moderate to shallow dip to the southeast. It slopes to the SE at 429 
shallow angles until almost flat at a depth of about 3.5 km, resulting in a tilted diapir. Elliptical 430 
charnoenderbites and plutons in the NMZ have been interpreted as diapirs (Rollinson and 431 
Blenkinsop 1995; Blenkinsop 2011). Attempts to model a second profile (L4, Figs. 2 and 7a) for 432 
comparison proved difficult due to the small anomaly amplitude and interference from the NMZ. 433 
It was also difficult to define the regional in this case.   434 
 435 
6.3 Chilimanzi Batholith (ChB) (Chikwanda Pluton) and Zimbabwe Granite (ZG) 436 
(Charumbira pluton): Masvingo Granite-Greenstone Terrain  437 
The regional MGB Bouguer gravity anomaly map (Fig. 9a) shows a high over the greenstone belt 438 
and a large low over the Zimbabwe granite, with the Chilimanzi batholith surprisingly associated 439 
with background gravity levels. One profile from the study of Gwavava and Ranganai (2009) is 440 
considered (L3, Fig. 3, 9a) that passes through the centre of the MGB. The profile (Fig. 9b) has a 441 
conspicuous narrow Bouguer gravity anomaly high over the Masvingo greenstone belt and a 442 
relatively wide gravity low over the Zimbabwe granite. A small ‘hump’ within this low is 443 
interpreted to be basement high as there is no evidence of (ultra-)mafic intrusions. The 444 
Chilimanzi batholith only appears as a small gravity low (Fig. 9b). Like profile L2 through the 445 
Chivi and Razi plutons, this profile runs into the NMZ in the south, and seismic information on 446 
the deep crustal structure of the area was again used to constrain the lower crust of the models. A 447 
40 km thick crustal model was adopted made up of an 8 km top layer of granites, greenstones and 448 
metasediments followed by a middle layer 27 km thick of density 2800 kg m-3 and a base layer 5 449 
km thick of density 3400 kg m-3 (Gwavava et al. 1996; Gwavava and Ranganai, 2009). Top and 450 
middle layer thickness variations of  2 km did not produce significant changes in the 451 
configuration of the greenstone belt and the plutons.  452 
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 The 2¾D model (Fig. 9b) shows that at the location of the profile the Chilimanzi batholith 453 
has an approximately right-angled triangular shape (wedge) comprising a 5.0 km-thick tabular 454 
body in the south, with a gradual tapering to the north (over a 55 km horizontal distance) up to a 455 
1.5 km thick root zone or dyke feeder. The Masvingo greenstone belt is about 17.0 km wide and 456 
5.8 km thick, with sub-vertical edges. The Zimbabwe granite is an almost 55 km wide and 8 km 457 
thick tabular body with a narrow subsurface inclusion of granite gneiss in the northern part. The 458 
pluton extends below the surface beyond the mapped exposure to the south. It is worth noting that 459 
the gravity profile passes towards the edge of the Zimbabwe granite and therefore this 8 km depth 460 
extent may be less than its greatest thickness. As for the Chivi granite cross-sections, attempts to 461 
model a second profile (L5, Figs 2 and 8a) ideally bi-secting the pluton proved difficult due to 462 
high interference from the NMZ and the small anomaly amplitude relative to the gneisses along 463 
this traverse.   464 
 465 
7 Discussion   466 
The main features of the studied granites are the large negative anomalies (-25 mGal) over the 467 
linear Chivi granite (CB) and Zimbabwe granite (ZG) (Fig. 3), and their ENE-trend parallel to 468 
NMZ which is significant with respect to the late Archaean tectonics (thrusting?) between the 469 
Zimbabwe craton and Limpopo belt. A -10 mGal anomaly also occurs over the Chilimanzi 470 
batholith (ChB); but E-W trending adjacent/near to the MGB rather than ENE-trending as for the 471 
others. The general NE/SW to EW trend of gravity lows associated with the plutons (Fig. 3) may 472 
indicate either a tectonic stress field or pre-existing crust or lithospheric-scale weakness around 473 
the time of the intrusions. This is thought to be due to effects of the NW-directed thrusting onto 474 
the craton that formed the Limpopo Belt, particularly in the vicinity of the Limpopo Belt margin 475 
(e.g., Robertson 1973, 1974; Coward et al. 1976; Wilson 1990; Mkweli et al. 1995; Frei et al. 476 
1999). It’s also a conspicuous trend on the GOCE Bouguer residual of Braitenberg (2015), and 477 
the craton as a whole (Fig. 1), reflecting lower crustal origin. Gwavava and Ranganai (2009) 478 
interpret the ~E-W trend for the ChB as due to decreasing influence of NMZ compression with 479 
distance from the frontal thrust contact. Deformation in the Zimbabwe craton is generally less 480 
pervasive than in the NMZ, implying a comparatively strong craton (Blenkinsop 2011). The 481 
elongate sub-oval gravity lows corresponding to the plutons, and the best-fitting gravity models 482 
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from constrained cross-sections, are consistent with shallow and deep-rooted batholiths as the 483 
main mode of their emplacement (e.g., Mareschal and West 1980; Subrahmanyam and Verma 484 
1982; Stettler et al. 1997). On the basis of their evolved geochemical and isotope characteristics, 485 
they have been interpreted as crustal melts, and may have been a product of loading following 486 
accretion (Jelsma et al. 1996; Jelsma and Dirks 2002).   487 
The three large plutons flanking the MGB show contrasting geophysical and 488 
morphological features. Gravity models indicate that the density contrast of the Chivi granite may 489 
extend to a depth of up to 13 km; its contact with gneisses is vertical in the south but domal in the 490 
north. Similarly, the Zimbabwe granite is a large block at least 8 km thick, and possibly up to 10 491 
km under the anomaly peak in the central part. The northern contact of the Zimbabwe granite 492 
with the greenstone belt is almost vertical, while its southern contact with the older gneisses is 493 
very shallow and domal in shape but with steep walls at depth, consistent with ballooning 494 
plutonism or partial convective overturn (e.g., Mareschal and West 1980; Minnitt and Anhaeusser 495 
1992; Jelsma et al. 1993, 1996; Collins et al. 1998; Nelson 1998; Becker et al. 2000; Goulty et al. 496 
2001; Galadi-Enriquez et al. 2003; Pawley et al. 2004; Tahiri et al. 2007). This pluton has a 497 
relatively deep root and is generally oval in shape; the resulting overall picture resembles the 498 
typical post-kinematic granite (Ridley et al. 1997). Pluton thicknesses of between 10 and 15 km 499 
have been reported in other Archaean terrains (e.g., Peschler et al. 2004, and references therein), 500 
and magma bodies of similar dimensions have been geophysically imaged in active arc settings 501 
(e.g., Comeau et al. 2015; Pritchard and Gregg 2016). The Chilimanzi batholith, on the other 502 
hand, appears to be a shallow sheet-like or tabular body at most 2 km thick with a 5 km root zone 503 
in the southern end. According to Vigneresse et al. (1999), the deepest zones calculated from 504 
gravity data, provided they show vertical lineations in outcrop, are feeder channels that fed the 505 
pluton. Unfortunately, such information is unavailable as there is no recent mapping.   506 
The other two plutons show different features. The Razi pluton model is a 6 km wide rectangular 507 
body about 6 to 7 km thick, with a moderate to shallow dip to the southeast, consistent with LB 508 
deformation. The Razi granites intruded the NMZ syn-kinematically (Mkweli et al. 1995), and 509 
they are likely to dip moderately SE for two reasons: 1) They have been deformed into 510 
parallelism with the shear zone boundaries, and 2) They were intruded with a sheet like-geometry 511 
initially into the shear zone. In the model, they slope to the SE at shallow angles until almost flat 512 
at a depth of about 3.5 km. The profile for the Nalatale granite passes on the edge of the pluton 513 
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and yields a 1.5 km thick body under the Fort Rixon greenstone belt but includes a root up to 4.5 514 
km thick under the outcrop and anomaly peak (Fig. 7). Ranganai (2013) reports another less 515 
reliable model along a profile across both the Shangani and Fort Rixon greenstone belts, with the 516 
pluton almost halfway between the two (L0, Fig. 7a). On average, the two greenstone belts are 517 
depicted as shallow (~6 km) volcanic piles while the pluton is a narrow diapir 7 km wide and 518 
about 12 km thick, resulting in an approximate symmetry about the pluton.  519 
Below, we discuss further the various characteristics to determine the nature of the plutons.   520 
 521 
7.1 Nature of contacts  522 
Gravity investigations have suggested that the typical post-kinematic granite consists of a 523 
relatively flat-lying roof region, commonly showing outward dips and walls which slope steeply 524 
outward (Ridley et al. 1997). Several techniques have been developed to determine the nature of 525 
geological contacts from gravity data (see Blakely 1995). Horizontal derivatives, which can 526 
easily be computed in the space domain, thus lowering the noise effect, are some of the most 527 
common methods for detecting target edges (e.g., Li et al. 2010; Ma et al. 2016). The location of 528 
an inflection point on a gravity anomaly, i.e. the position where the horizontal gravity gradient 529 
changes most rapidly, can provide information on the nature of the edge of an anomalous body 530 
(Kearey et al. 2002). Alternatively, Kearey et al. (2002) show that the inflection points on a 531 
gravity profile lie near the uppermost edges of an outward dipping body but near the base of the 532 
anomaly for an inward dipping body. Over a tabular body, the inflection points delineate the body 533 
(edges). This test was problematic in this study due to interference from the adjacent greenstone 534 
belts (e.g., Fig. 10), making it difficult to locate the inflection points. However, the gravity 535 
models controlled by field mapping/observations generally support these findings. Figures 7b, 8b 536 
and 9b invariably show that the contacts of most exposed granite plutons are sub-vertical or slope 537 
outward, consistent with an intrusive nature (cf roof of the plutons).    538 
 539 
7.2 Tridimensional shape of the plutons  540 
Gravity modelling suggests the approximate 3D shape of the plutons. The general power-law for 541 
intrusive bodies (length L vs. thickness T): aLcT   (McCaffrey and Petford 1997; Petford and 542 
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Clemens 2000; Petford et al. 2000), is used to distinguish between plutons and laccoliths in this 543 
study (Table 3). For laccoliths, 88.012.0 LT   while for plutons, 8.029.0 LT   (McCaffrey and 544 
Petford 1997; Cruden 1998), and 6.029.0 LT   for plutons/batholiths (Petford and Clemens 2000; 545 
Petford et al. 2000). The line a = 1 (self-similar growth) defines the critical divide between 546 
predominantly vertical inflation (a>1) and predominantly horizontal elongation (a<1) during 547 
intrusion growth (McCaffrey and Petford 1997; Petford et al. 2000). Diapirs, being thicker than 548 
they are wide (i.e. W/T < 1), would plot above the line a =1 (Petford and Clemens 2000). 549 
According to Dietl and Koyi (2008) differences in values for a and c partly reflect that only two 550 
(thickness and width) of the three available dimensions are taken into account; but in all cases, 551 
the power law exponent a is always less than one (a < 1), indicating the tabular shape of granitoid 552 
bodies. Alternatively, a < 1 means that pluton lengths exceed their thickness (Petford and 553 
Clemens 2000); the intrusions lengthen more rapidly than they thicken, maintaining an overall 554 
tabular body. A modified version of the power-law, based on gravity studies and a larger number 555 
of field observations, is given by Cruden and McCaffrey (2001) as: )1.0(6.0)15.0(6.0  LT , but 556 
defines L differently. The results from this do not make any difference to the final classification 557 
in our results (Table 3).  558 
The dimensions and their proportions (ratios) for the studied plutons based on field 559 
(outcrop), gravity anomalies and numerical models are summarised in Table 3, including the ‘arc-560 
type’ discordant Nalatale granite. However, the lateral dimensions should be considered 561 
minimum estimates because the exposed width and length of the plutons have been reduced 562 
through erosion (Blenkinsop and Treloar 2001). Their uncertainties are considered particularly 563 
significant for the Zimbabwe granite whose extent is not shown on any geological map. Further, 564 
variable thickness using irregular floor as base is noted for all the plutons. Gravity resolution is 565 
generally the lowest among all the geophysical methods (e.g., Blakely 1995; Stettler et al. 1997; 566 
Wellman 2000) but products such as derivatives, analytic signal, and apparent density can be 567 
helpful (cf Blakely 1995; Boschetti 2005; Cooper and Cowan 2011; Ma et al. 2016). The first 568 
vertical derivative constrains the edges of the Chivi batholith (Fig. 5), with the others not very 569 
clear. On the other hand, the apparent density map (Fig. 6) appears to delineate the three major 570 
botholiths: Chilimanzi, Chivi, and Zimbabwe. The smaller plutons/batholiths may be poorly 571 
constrained by existing gravity coverage. In nearly all cases, lateral extensions (extent) are 572 
substantially larger than the vertical ones; they have large cross sectional aspect ratios with 573 
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horizontal major axes >7 times the vertical one (i.e. L/T > 7; Tables 3 and 4), outlining a tabular 574 
or sheeted geometry.   575 
Length-thickness plots (Fig. 11) show that the Nalatale granite and Razi pluton plot very 576 
close to the pluton regression line (a = 0.8), the Chivi occurs slightly below this line but the 577 
Zimbabwe granite plots just below the laccolith regression line (a = 0.88). The ChB plots very 578 
close to the pluton/batholith line. The power-law exponent of a = 0.6 for plutons and batholiths 579 
(Petford and Clemens 2000; Petford et al. 2000) does not fit the plutons in this study. Using the 580 
modified pluton power-law, the Razi pluton and Nalatale granite still plot very close to the pluton 581 
line but the CB now above and slightly further away (Fig. 11).   582 
 583 
7.3 Tectonic setting and emplacement of the plutons  584 
The 3D shape of plutons can also indicate their tectonic setting. For example, the length/width 585 
(L/W) vs. width/thickness (W/T) diagram discriminates the 3D characteristics of intrusive 586 
plutons (Ameglio et al. 1997; McCaffrey and Petford 1997), and reflects the control of the 587 
emplacement mechanism and shape of the plutons by regional tectonics/deformation (Vigneresse 588 
et al. 1999; Petford and Clemens 2000; Petford et al. 2000; Dietl and Koyi 2008; Oliveira et al. 589 
2008). Ameglio et al. (1997) and Vigneresse et al. (1999) have identified two types of granite 590 
plutons based on magmatic fabric and gravity data: thin (3-4 km), flat-floored (tablet-shaped) 591 
plutons, extending roughly equally in every horizontal direction, typically with several 592 
root/feeder zones; and thick (>10 km), wedge-shaped plutons, extending predominantly in one 593 
horizontal direction along which one or a few root/feeder zones appear. Root zone(s) may be 594 
elongated and may align parallel to the bulk elongation of the pluton (e.g., Dehls et al. 1998).  595 
According to Ameglio et al. (1997) and Vigneresse et al. (1999) the tectonic settings of these 596 
pluton types can be summarised as follows. Flat-floored plutons spread parallel to a tectonically 597 
layered (plastic?) crust and are emplaced during large-scale extension (extensional tectonic 598 
environment) while wedge-shaped plutons infill more-or-less vertical fractures (dilatant volumes) 599 
in the brittle crust (undergoing deformation?), under both conditions of compression and 600 
extension.  601 
More recently, Peschler et al. (2004) have proposed the use of batholith shape/geometry as 602 
indicators of transition from crustal-scale diapirism-type tectonics prior to 2.8 Ga to more plate 603 
 21 
tectonic-like tectonics thereafter. Batholiths dated 2.8-2.7 Ga have predominantly tabular shapes, 604 
about 3 km thick, and lack the large, deeply extending root zones that are more evident for the 605 
older batholiths. The rarity of deep roots and a thickness of 5-6 km are characteristics of the ca. 606 
2.7 Ga batholiths, resembling batholiths in many Phanerozoic terranes fed by dykes. (Peschler et 607 
al. 2004).  608 
The relation between (L/W) and (W/T) ratios for the plutons in this study (Table 4 and 609 
Fig. 12) clearly separates wedge-shaped plutons (L/W > W/T) from flat-floored ones (L/W < 610 
W/T). The analysis of dimensions shows that the Nalatale granite, the Chivi batholith and the 611 
Razi pluton are wedge-shaped (with the latter having diapir features, W/T < 1) while the 612 
Zimbabwe granite and the ChB are flat-floored. The former have V-shaped or carrot cross-613 
sections with steep walls, steepening with depth. However, the flat-floored ChB gravity model 614 
also depicts this shape- some plutons have both wedge and tabular characteristics (e.g., Cruden 615 
and McCaffrey 2001). ZG displays a flat-floored geometry, with the horizontal dimension to 616 
thickness ratios of more than 15 and 5, parallel and perpendicular to the longest horizontal 617 
dimension, respectively (Table 4). Both Ng and ZG plot relatively close to the dividing line, L/W 618 
= W/T = 1 (Fig. 12); thus they may have characteristics of both types, especially considering the 619 
uncertainties in the dimensions. However, in another possible but less constrained gravity model 620 
(Ranganai 2013) the Nalatale pluton appears as a typical diapir with thickness (~12 km) greater 621 
than width (7 km); T>W or W/T<1. It is noted that the volume of magma has been linked to 622 
space-making processes such as floor subsidence and/or roof lifting (cf 3-stage process; Cruden 623 
1998; Pet ford et al 2000; Cruden and McCaffrey 2001). A preliminary length vs volume plot for 624 
all the plutons is approximately linear (Fig. 13), suggesting that the derived dimensions are 625 
relatively correct (cf Soesoo and Bons, 2015).   626 
According to the interpretation of Petford et al. (2000) the Razi and Chivi plutons should 627 
be regarded as lopoliths emplaced by floor depression; and the Zimbabwe granite as a laccolith 628 
emplaced by roof-uplift. In this context, dykes (as opposed to diapirs) are the most probable way 629 
to feed them (Petford and Clemens 2000; Vigneresse and Clemens 2000). Similarly, the model of 630 
Peschler et al. (2004) would require that these 2.6 Ga plutons be emplaced under modern day 631 
plate-tectonic settings, rather than diapiric. This would require clear structural and petrologic 632 
supporting evidence of in-situ expansion from dykes or narrow channel-ways (Johnson et al. 633 
2001), which is currently unavailable. On the other hand, Blenkinsop (2011) argues that several 634 
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Razi type plutons in the NMZ have structural features that are diapiric in origin. The review of 635 
Laurent et al. (2014) points to global Wilson subduction-collision cycles since 3.0 Ga, with the 636 
Chilimanzi granites mentioned as examples.  637 
The general shape of the Chivi batholith is similar to that of the Zimbabwe granite, but 638 
they differ in thickness, and hence dimensional analysis (Tables 3 and 4; Figs 9 and 10; 639 
McCaffrey and Petford 1997; Petford et al. 2000) puts them into different categories- wedge and 640 
flat, respectively. It should be noted that the Zimbabwe granite covers a large expanse east of the 641 
study area and it is difficult to map its margins in that direction. In this larger outcrop picture (i.e. 642 
longer length), it would fit the flat category, extending horizontally in every direction. However, 643 
we interpret both the Chivi batholith and the Zimbabwe granite (at least the section studied) as 644 
massive, deep-rooted batholithic intrusions, generally oval in shape. These results contradict 645 
some geological interpretations of these late, post-kinematic intrusions as sheet-like bodies 646 
emplaced at relatively shallow levels in the crust.  647 
The Chilimanzi batholith is equally problematic; the gravity model suggests a wedge shape but 648 
the areal extent (dimensional analysis) places it into the flat-floored type. Further, the gravity 649 
anomaly is much smaller than the mapped outcrop. However, considering the ‘low density’ 650 
section only it appears to be a shallow sheet-like or tabular body at most 2 km thick with a 5 km 651 
root zone at its southern end: typical of the thin, flat-floored granite (Ameglio et al. 1997; 652 
Ameglio and Vigneresse 1999; Vigneresse et al. 1999; Kurian et al. 2001), with the thick end 653 
interpreted as a root zone. This may be consistent with emplacement along narrow channelways, 654 
possibly as dykes or sheets that may have exploited shear zones and faults (e.g., Stettler et al. 655 
1990; Dehls et al. 19991998; Petford et al. 2000; Blenkinsop and Treloar 2001; Haederle and 656 
Atherton 2002; McLean and Betts 2003; Peschler et al. 2004; Ferre´ et al. 2012). The presence of 657 
differentiated, late-magmatic granite types (further) attests to the presence of a feeder zone. 658 
However, it is also possible that pluton emplacement may be a combination of processes (e.g., 659 
Kisters and Anhaeusser 1995; Paterson and Vermon 1995; Ridley et al. 1997; Jelsma and Dirks 660 
2002).  661 
Although diapirism has been invoked as an important process in both the ZC (e.g., Jelsma 662 
et al. 1993; Becker et al. 2000; Jelsma and Dirks 2000) and the NMZ (e.g., Rollinson and 663 
Blenkinsop 1995; Blenkinsop 2011), this model of emplacement receives little support from our 664 
data and analysis.   665 
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8 Conclusions  666 
Despite the noted uncertainties in the spatial dimensions of the plutons, it seems likely that there 667 
are different geometries in the different granites. The studied plutons follow the general power-668 
law for pluton/batholith dimension and are similar in this respect to the wedge-shaped plutons 6-669 
10 km thick and the classical tabular plutons <5 km thick. In particular:    670 
We interpret both the Chivi batholith and the Zimbabwe granite (at least the section 671 
studied) as massive, deep-rooted batholithic intrusions, generally oval in shape.  672 
The Chilimanzi batholith displays an overall sloping floor with the southern end 673 
interpreted as a feeder zone, typical of the so-called flat-floored plutons with a gently dipping 674 
floor towards the root zone (and irregular shape?).   675 
At the location of the gravity profile, the Nalatale granite fits a wedge model, with a 676 
pronounced single feeder zone corresponding to the thickest part extending to 5 km.    677 
The Razi pluton appears to be unique: its overall shape more like a diapir than either a wedge or a 678 
tabular body. The configuration is consistent with NMZ overthrust onto the ZC at moderate to 679 
shallow angles.   680 
 681 
Two of the five studied plutons appear to be tabular, adding to the growing list of such plutons in 682 
the Zimbabwe craton, contrary to some established ideas. This emphasises the need for more 683 
detailed comparative studies as previously advocated by Blenkinsop and Treloar (2001), and 684 
using different techniques (e.g., Vigneresse 1990; Flecha et al. 2006).   685 
 686 
Overall, the results confirm the two main granite configurations: sheets/tabular and 687 
batholith/wedge; and thus also confirm the two main modes of emplacement: dyke and diapirism 688 
or ballooning plutonism. However, this does not rule out a combination of processes for magma 689 
emplacement (e.g., Ridley et al. 1997; Becker et al. 2000; Jelsma and Dirks 2002; Zegers 2004; 690 
Laurent et al., 2014). Further work in the central and northern parts of the craton is planned.    691 
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Figure Captions  1008 
Fig. 1 Simplified geology of the south-central Zimbabwe craton showing the major granite-greenstone terrains and 1009 
the studied plutons. Greenstone belts and granite plutons named after their places of occurrence. Other geological 1010 
units: TS = Tokwe segment (~3.5 Ga), BGB = Belingwe greenstone belt. (Modified after ZGS 1994, Ranganai et al. 1011 
2008 (western part), Gwavava and Ranganai 2009 (eastern part)).   1012 
 1013 
Fig. 2 Density histogram of rocks (granites and greenstones) from the south-central Zimbabwe craton (Ranganai 1014 
1995). The figures at the top of bars are the number of samples in that density range (cf. Table 1).  1015 
 1016 
Fig. 3 Simple Bouguer gravity anomaly map for the south-central Zimbabwe craton with gravity station distribution 1017 
and outlines of major geological units. White triangles are stations for the southern Africa seismic experiment (Gore 1018 
et al. 2009). The positions of the profiles are shown (L1, L2 & L3; L4 & L5 not modeled due to small amplitudes 1019 
and interference); X-Y is approximate location of seismic traverse (Stuart and Zengeni 1987). Note Bouguer gravity 1020 
anomaly highs over the greenstone belts and mafic-ultramafic intrusions (Buhwa, B; Gwanda, Gw; Filabusi, FGB; 1021 
Fort Rixon-Shangani, FRSh; Belingwe, BGB; Masvingo, MGB; MUC, Mashava ultramafic complex; Great Dyke, 1022 
GD) and lows over the granite plutons (Chivi; Chilimanzi; Zimbabwe; Shangani-Somabhula) as discussed in the text 1023 
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 33 
(Ng = Nalatale granite pluton). DS = mapped dolerite sill. The large ENE-trending high in the SE corner of the map 1024 
over the northern marginal zone (NMZ) of the Limpopo orogenic belt is related to crustal thinning. The white lines 1025 
over the Zimbabwe Granite indicate positions for length and width measurements.  1026 
 1027 
 1028 
Fig. 4 Residual regional aeromagnetic anomaly map for the south-central Zimbabwe craton with outlines of major 1029 
geological units. DS = inferred dolerite sill. Note the high magnetic signatures over the Razi pluton and the 1030 
Zimbabwe granite just north of the northern marginal zone (NMZ), Limpopo belt. The white dashed line outlines the 1031 
enlarged size of the Razi pluton.  1032 
 1033 
Fig. 5 First vertical gravity gradient map for the south-central Zimbabwe craton with gravity station distribution and 1034 
outlines of major geological units. Geological unit labels (abbreviations) and lines as in Figure 3.  1035 
 1036 
Fig. 6 Apparent Density (g cm-3) map for the south-central Zimbabwe craton with gravity station distribution and 1037 
outlines of major geological units. Geological unit labels (abbreviations) as in Figure 3. The white lines over the 1038 
Zimbabwe Granite indicate positions for length and width measurements. 1039 
 1040 
Fig. 7 (a) Regional Bouguer gravity anomaly map and station distribution over the Nalatale granite (Ng) and 1041 
adjacent greenstone belts, showing location of modelled profile and outlines of major geological units; Byo = 1042 
Bulawayo greenstone belt; FR = Fort Rixon greenstone belt; Ng = Nalatale granite pluton; Sh = Shangani greenstone 1043 
belt. (b) Geological cross-section, Bouguer gravity anomaly and 2¾D density model for profile L1, Fort Rixon 1044 
greenstone belt and Nalatale pluton. Numbers refer to densities in kg/m3. VE = Vertical Exaggeration (4). The 1045 
surface of the model relates to the topography while the model cross-section is at sea-level.  1046 
  1047 
Fig. 8 (a) Regional Bouguer gravity anomaly map and station distribution over the Chivi granite/batholith and 1048 
adjacent greenstone belts, showing outlines of major geological units and location of the modelled profile; GD = 1049 
Great Dyke; MGB BGB = Mberengwa Belingwe greenstone belt; ZG = Zimbabwe granite; X-Y is approximate 1050 
location of seismic traverse (Stuart and Zengeni 1987) used as modeling constraint; (b) Chivi granite/batholith, 1051 
Buhwa (Mweza) greenstone belt and Razi pluton gravity models for L2. The numbers inside the model bodies are 1052 
densities in kg m-3. The model surface follows the topography. Vertical exaggeration is 1.5 (i.e. vertical to horizontal 1053 
ratio of 1 to 1.5).    1054 
 1055 
Fig. 9 (a) Regional Bouguer gravity anomaly map and station distribution over the Chilimanzi batholith, Masvingo 1056 
greenstone belt and Zimbabwe granite, showing outlines (white) of major geological units and location of the 1057 
modelled profile; X-Y is approximate location of seismic traverse (Stuart and Zengeni 1987) used as modeling 1058 
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constraint; (b) Chilimanzi pluton, Masvingo greenstone belt and Zimbabwe ganite gravity models for Line3. The 1059 
numbers inside the model bodies are densities in kg m-3. Other densities: serpentinites 2700 kg m-3, metasediments 1060 
2500 kg m-3, phyllites 2580 kg m-3. The model surface follows the topography. Vertical exaggeration is 5 (i.e. 1061 
vertical to horizontal ratio of 1 to 5).    1062 
 1063 
Fig. 10 Bouguer anomaly profiles (red) and horizontal derivatives (green) across (a) the Chivi batholith (L4 , Figure 1064 
8a), and (b) the Zimbabwe granite (L5, Figure 9a). MGB = Masvingo greenstone belt; NMZ = North marginal zone 1065 
(Limpopo belt); ZUCext = Zvishavane Ultramafic Complex extension. 1066 
 1067 
Fig. 11 Length vs Thickness plot for pluton/laccolith models (McCaffrey and Petford 1997; Cruden 1998; Petford 1068 
and Clemens 2000; Cruden and McCaffrey 2001) and for plutons in this study.   1069 
 1070 
Fig. 12 Field and computed W/T vs L/W ratios for the studied plutons (based on Ameglio et al. 1997; Vigneresse et 1071 
al. 1999).    1072 
 1073 
Fig. 13 Log volume versus log length for the five granite plutons studied showing an approximate linear trend.  1074 
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